An ultraviolet to visible acousto-optic tunable filter was used to measure native fluorescence images from in vitro breast tissues at different wavelengths. Pseudocolor maps based on fluorescence images at two wavelengths were used to separate normal and abnormal regions in human breast tissues in vitro, providing diagnostic information. © 1998 Society of Photo-Optical Instrumentation Engineers. [S1083-3668(98)00701-1]
INTRODUCTION
Over the past decade, progress has been achieved toward developing less invasive diagnostic approaches based on fluorescence spectroscopy using native fluorophores of tissues in the ultraviolet (UV) and visible spectral regions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These changes in fluorescence spectra arise from both the presence of different molecules and the structural changes that occur in tissue. Several optical algorithms have been employed to detect differences between malignant and normal tissues in the visible and UV spectra. These methods include taking the ratio of emitted intensities at two (or more) emission or excitation wavelengths; taking the spectral intensity difference at two (or more) emission or excitation wavelengths, and observing if the difference exists above or below a predetermined value; or comparing the spectral profile obtained from a measured sample with an averaged spectral profile computed from a large number of tissue samples.
The use of 300-nm excitation has made it possible to discern differences between malignant and normal or benign breast, 4 gynecological, 5 and colon tissue samples. 6 The emission intensity ratio at 340 to 440 nm has been used as a diagnostic indicator. 4, 5 Based on measurements from large numbers of human tissue samples, [5] [6] [7] [8] [9] the ratios from most of the cancer in vitro samples lie well above a critical num-ber, while benign and normal tissue ratios lie well below this value. The difference in fluorescence intensity ratios can be used to distinguish between cancerous and normal tissues. The 340-nm emission arises from tryptophan, while the 440-nm emission is a composite arising from collagen, elastin, and reduced nicotinamide adenine dinucleotide phosphate (NADH). Current measurements indicate that the combined use of emission, excitation, and scattering spectra, with multiple wavelengths, increases diagnostic accuracy. 6 To implement these spectroscopic approaches in medical applications, measurements need to be performed rapidly. Acousto-optical tunable filter (AOTF) devices offer a programmable, rapidly changeable spectroscopic tool that has been under development for more than two decades. 11 It offers the potential of rapidly acquiring spectral images at multiple wavelengths. 12 An AOTF has a much higher switching speed than liquid-crystal tunable filters (LCTF), diffraction gratings, and movable interference filters, 13 and AOTFs have the capability of working in the UV spectral region. This paper describes a novel fluorescence spectral imaging technique that is based on an acoustic optical tunable filter to map the fluorescence intensity ratio at a pair of wavelengths over an area of tissue. A pseudocolor ratio map of the tissue area is used to highlight changes in the tissue's architecture and morphology.
METHODS AND SAMPLES
A schematic diagram of the AOTF spectral imaging system is shown in Figure 1 . A noncollinear geometry AOTF device was obtained from Brimrose Corp. (Baltimore, Maryland). The optical aperture is 7ϫ7 (mm 2 ). The spectral range covers 300 to 500 nm. The drive frequency can be varied from 98 MHz to 53 MHz. The acceptance angle (total) is 5.3 to 7.3 deg. Spectral resolution is 3.5 nm at 300 nm, and 18.4 nm at 475 nm. Test data indicated a diffraction efficiency of 6% and an out-of-band rejection of 3:1. The excitation source is a high-intensity xenon lamp with a 300-nm narrow band filter with a 10-nm bandwidth and 15% transmission coupled into a liquid light guide for delivery to the sample. The liquid light guide has a 5-mm diameter with about 60% transmission at 300 nm. The fluorescence from the sample was collected and imaged on the AOTF by a UV imaging lens. Placing the AOTF at the image plane minimized the divergence of the collected light. Two WG-320 Schott glass filters were used to eliminate scattered excitation light. A second lens transferred the image into an image intensifier. After the signal was amplified by the image intensifier, the fluorescence image was reimaged onto a CCD camera. A Matrox frame grabber installed in a personal computer was used to digitize and further process the image. The controlling software generated and displayed the pseudocolor fluorescence ratio maps.
Pseudocolors were used to represent spectral intensity ratios of the fluorescence map indicating various tissue states for different regions. Different pseudocolor mappings were employed to maximize the visibility of abnormal tissue states. An example of the relationship between the spectral ratio and pseudocolors is given in Table 1 . For this case, the red indicated abnormal ratio readings, while the green and blue indicated ratios that would represent benign or normal regions of tissues.
A background image with no acoustic wave in the AOTF crystal was measured to give a reference level. The background frame was stored in computer memory and directly subtracted from the acquired frame prior to ratioing. The image size and resolution of the map system was measured using a scale and bar chart as shown in Figures 2 and 3 , respectively. The image size was 1ϫ1 cm 2 , and the spatial resolution at 440 nm was determined to be 2 line pairs/mm.
Breast tissue samples were obtained from the St. Vincent Medical Center of Staten Island, with histological results. Specimens were not chemically treated prior to measurements.
RESULTS AND DISCUSSION
Several dissection specimens of in vitro tissues with a thickness of about 5 mm were measured using the AOTF spectral image mapping system with 300-nm excitation. The fluorescence images from a normal breast tissue are shown in Figure 4 (color plate). The tissue size was about 8ϫ11 mm 2 . The image size was about a third of the CCD detector area. The fluorescence intensity ratio, I 340 /I 440 , was independently measured using a fluorescence spectrometer and found to be 2.7. Figure 4(a) shows the image of the 340-nm emission, while Figure 4(b) shows the image of the 440-nm emission. The pseudocolor ratio map for the I 340 /I 440 ratio with a reference color scale is shown in Figure 4 (c). For the data in Figure 4 (c), the background was subtracted prior to ratioing. One can see that the pseudocolors in Figure 4 In order to test the ability to detect and image small tumors, a small cancerous tissue about 1.5 mm in diameter was placed on top of a large normal breast tissue sample. Figure 6 (color plate) shows the spectral image map of the I 340 /I 440 ratio in a pseudocolor scale. One can clearly see from the map that a small red area exists in the central part of the map. This area represents a high-ratio region, showing the location of the cancer.
Two problems were observed with the current AOTF unit. The first problem was the low transmission efficiency, which was only 6%, four times smaller than the expected value. This may be improved by manufacturing in the future. The second problem was the poor out-of-band rejection by the AOTF, which allowed a large background leakage to interfere with the desired signals. The acceptance angle for the AOTF used in this work was specified to be 5.3 to ϳ7.3 deg. When broadband light was incident on the crystal with angles of incidence up to 7.3 deg, significant background leakage was transmitted through the system. This background level reduced the extinction ratio, resulting in a smaller dynamic range. Further reducing the collection angle would greatly curtail the weak emission from tissues at 440 nm. One way to reduce the background leakage is to use an AOTF with a larger diffraction angle. In this case, the image, at a selected wavelength, is spatially separated from the incident broadband background. A unit with a diffraction efficiency of 30% and an out-of-band rejection of Ͼ10 3 is needed to make useful devices.
A high spatial resolution AOTF with 0.35 m has been achieved in a microscopy image application. 14 The spatial resolution in our imaging system is about 250 m, which is reasonable for tissue analysis. The output of the Continuous Wave (CW) light source used in the experiments was only about 1 mW at 300 nm. It could be replaced by a pulsed light source with a larger output in the UV region, which would be useful for biomedical studies.
A major advantage of AOTFs is their ability to rapidly change wavelength (the switching time can be as fast as 5 s) since they have a higher frame rate than other spectral devices such as a slowly mechanical filter wheel. At this time, data were acquired at 1 to 2 Hz. During mapping in real time, our software has a function that can capture one frame of background image and temporarily store it in its memory. The software then automatically subtracts the background from each subsequent image and gives a background-corrected ratio map. Although the unit can run at 1 to 2 Hz for a fixed tissue target, the background correction procedure must be repeated for a new tissue region. Performing this procedure takes a few seconds. It could be improved using software for automatic correction.
A liquid-crystal tunable filter 13 is a candidate for a real-time diagnosis instrument in the visible region. Its switch time is about 50 ms, which is much slower than the AOTF. Moreover, the AOTFs can be used in the UV region, while the LCTFs cannot. The Fourier transform spectroscopy approach may be a technology competing with AOTFs for Raman spectroscopic images, but it is difficult to use in real-time fluorescent imaging.
SUMMARY
A breadboard AOTF 2-D spectral image map system was used to demonstrate the potential to map fluorescence emission from tissues. The system produced pseudocolor maps that differentiated the value of the fluorescence intensity ratios at two wavelengths over an area of 1 cm 2 . The separation of cancers from normal zones of in vitro tissue was demonstrated. The spatial resolution of the 2-D AOTF-based spectral image map system is on the order of 0.25 mm. At this time, the poor out-ofband rejection and the low transmission efficiency limit the application of the AOTF for in vivo tissue work in the UV region. 
